Spirometric monitoring provides precise measurement and delivery of tidal volumes within a narrow range, which is essential for lung-protective strategies that aim to reduce morbidity and mortality in mechanically-ventilated patients. Conventional anaesthesia ventilators include inbuilt spirometry to monitor inspiratory and expiratory tidal volumes. The GE Aisys CS 2 anaesthesia ventilator allows additional near-patient spirometry via a sensor interposed between the proximal end of the tracheal tube and the respiratory tubing. Near-patient and inbuilt spirometry of two different GE Aisys CS 2 anaesthesia ventilators were compared in an in-vitro study. Assessments were made of accuracy and variability in inspiratory and expiratory tidal volume measurements during ventilation of six simulated paediatric lung models using the ASL 5000 test lung. A total of 9240 breaths were recorded and analysed. Differences between inspiratory tidal volumes measured with near-patient and inbuilt spirometry were most significant in the newborn setting (p < 0.001), and became less significant with increasing age and weight. During expiration, tidal volume measurements with near-patient spirometry were consistently more accurate than with inbuilt spirometry for all lung models (p < 0.001). Overall, the variability in measured tidal volumes decreased with increasing tidal volumes, and was smaller with near-patient than with inbuilt spirometry. The variability in measured tidal volumes was higher during expiration, especially with inbuilt spirometry. In conclusion, the present in-vitro study shows that measurements with near-patient spirometry are more accurate and less variable than with inbuilt spirometry. Differences between measurement methods were most significant in the smallest patients. We therefore recommend near-patient spirometry, especially for neonatal and paediatric patients.
Introduction
Spirometric monitoring during anaesthesia allows for precise measurements of gas flows, airway pressures and tidal volumes (V T ). The delivery of V T within a narrow range during volume-targeted ventilation is essential for lung-protective approaches in adults and children [1] [2] [3] [4] [5] [6] , and necessary to reduce morbidity and mortality in patients with mechanically ventilated lungs [7] [8] [9] [10] . Neonates have a greater risk of developing ventilator-induced lung injury due to their immature respiratory tract [11] .
Conventional anaesthesia ventilators have inbuilt spirometry to monitor patient V T . The GE Aisys CS 2 anaesthesia ventilator (GE Healthcare, Fairfield, CT, USA) offers the extra option of near-patient spirometry, with a sensor interposed in the respiratory circuit just at the proximal end of the tracheal tube. Furthermore, non-expanded and expanded breathing circuits differ in their compliance, and influence correct measurement of V T . So far, there are few data on the accuracy of near-patient vs. respirator-inbuilt spirometry [12] [13] [14] .
The aim of this study was to investigate the accuracy of near-patient vs. inbuilt spirometry in measuring V T during ventilation of six simulated paediatric lung models with the GE Aisys CS 2 anaesthesia ventilator.
Methods
The near-patient and inbuilt spirometry of two different GE Aisys CS 2 anaesthesia ventilators were compared with regard to accuracy and variability in measuring inspiratory and expiratory V T during ventilation in six different paediatric in-vitro lung models, using the ASL 5000 test lung (Active Servo Lung, IngMar Medical, Pittsburgh, PA, USA). The GE Aisys CS 2 is a modern anaesthesia ventilator with inbuilt spirometry that measures V T with machine flow transducers within the inspiratory and expiratory circuits. The accuracy of volume measurement stated by the manufacturer is: V T over 210 ml = 19 ml (< 9%); V T 60-210 ml = 18 ml (9-30%) and V T < 60 ml = < 10 ml (< 16.5%) [15] . Additionally, a separate spirometry module (EsCAiOVE; GE Healthcare, Fairfield, CT, USA) can be used for side stream near-patient spirometry [15] . For that purpose, either the re-usable adult D-Lite flow sensor (V T range 150-2000 ml, dead space 9.5 ml, accuracy AE 6% [15] ) or the re-usable paediatric pediLite flow sensor (V T range 5-300 ml, dead space 2.5 ml, accuracy AE 6% [15] ), both from GE Healthcare, Fairfield, CT, USA, may be used. These are installed between the tracheal tube and the ventilator tubing and connected to the spirometry module with a three metre disposable spirometry double-lumen tube (GE Healthcare, Fairfield, CT, USA [16] ).
Either inbuilt or near-patient spirometry may be selected; simultaneous measurement with both methods is not possible. The functional principle of the flow sensors is measurement of dynamic pressure via two small openings. The transducer in the spirometry module measures pressure fluctuation and calculates V T and other parameters, such as flow and compliance [16, 17] . Flow-volume, pressure-flow and pressure-volume curves are displayed [18] .
The Active Servo Lung 5000 (ASL 5000) is a lung simulator that is able to imitate different breathing patterns, and capable of measuring various ventilation parameters (e.g. peak pressure or inspiratory and expiratory V T ). The ASL 5000 is linked to a computer with software to analyse these parameters [19] [20] [21] [22] . The ASL 5000 used for these experiments was maintained and calibrated under the terms of the manufacturer before initiation of this study. The characteristics of the six different paediatric lung settings are displayed in Table 1 .
The two ventilators used in this study were serviced on a routine basis. Before each assessment, the GE Aisys CS 2 was tested according to the user reference manual [23] . The ASL 5000 was intubated through a tightsealing membrane at the inlet with a tracheal tube (Microcuff PET, Halyard, Georgia, USA) that was appropriately sized according to age ( Table 1 ). The tracheal tube was connected to the GE Aisys CS 2 anaesthesia ventilator with one of the two following respirator hoses:
• Co-axial rebreathing circuit 60 inch/1.5 m (Trident Sales Corporation, Medline Industries, IL, USA)
• Limb-O TM single limb anaesthesia breathing circuit 72 inch/1.8 m (Care Fusion, Yorba Linda, CA, USA).
Two respirator hoses in each brand were used to investigate the influence of different breathing circuit compliances on the accuracy of V T monitoring. For each measurement, the following parameters were set at the GE AisysCS 2 anaesthesia ventilator:
• FIO 2 21% (O 2 /Air)
• Gas flow rate 1 l.min
À1
• I:E ratio 1:2
Heat-and moisture-exchanging filter (HME filter) between the tracheal tube and breathing hose: • CO 2 measurement was at the HME filter, with a sampling rate of 120 AE 20 ml.min
• Room temperature of 21 AE 1°C.
Inspiratory pressure was adjusted for each recording to achieve the V T defined for each lung model, as displayed in Table 1 . Measurements of V T were performed in the following three apparatus configurations ( Each measurement lasted one minute, and was initiated only after achieving steady state at the targetted V T (Table 1) . Measurements in each paediatric lung model setup were repeated five times with two GE Aisys CS 2 ventilators (10 9 per setup).
Measured V T were recorded by the ASL 5000 test lung and transferred to Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA). Statistical analysis was performed using SPSS 22 (IBM, Armonk NY, USA). Bland-Altman plots were constructed to further assess the agreement between each by nearpatient and both ventilator-inbuilt spirometry settings, measured and actual applied V T (ASL 5000). Data were normally distributed, significance was calculated using t-test. Bonferroni correction was performed due to multiple testing, and statistical significance was considered when p < 0.017.
Results
A total of 9240 breaths were recorded and analysed. Measured V T are displayed in Fig. 2 . Accuracy for monitoring inspiratory V T in the newborn setting was significantly greater with near-patient than with inbuilt spirometry [mean (SD (95%CI))]: near-patient 0.43% (1.64 (0.32-0.55)) vs. inbuilt with unused pedi-Lite sensor À13.03% (1.66 (À13.14 to À12.91)), respectively, inbuilt without pedi-Lite sensor À13.25% (1.69 (À13.37 to À13.13)); p < 0.001. The difference between the methods became less with increasing age and weight (Fig. 3) . Monitoring expiratory V T with near-patient spirometry was consistently more accurate than with inbuilt spirometry for all lung models (p < 0.001, Fig. 3) . Overall, the variability in measured V T decreased from lung model 1 to lung model 6, and was less with nearpatient than with the two inbuilt spirometry settings. The variability in measured V T was higher during expiration, especially for inbuilt spirometry (Fig. 3 ). There were no major differences in accuracy or variability between the two inbuilt spirometry settings. Detailed accuracy values for all three sensors settings are displayed in Table S1 .
Bland-Altman analyses showed reduced bias and better precision for near-patient spirometry (Fig. 4) . For near-patient: bias (precision) inspiration 0.15 (2.3-2.6); expiration 1.95 (À2.6 to 6.5). For inbuilt with unused pedi-Lite sensor: inspiration 8.1 (À0.7 to 16.9); expiration 3.9 (À3.8 to 11.5). For inbuilt without pediLite sensor: inspiration 8.0 (À1.4 to 17.5); expiration 3.9 (À4.1 to 11.9).
With regard to the comparison of the coaxial with the Limb-O TM breathing circuit, the measured accuracy for near-patient, inbuilt with unused pedi-Lite sensor and inbuilt without pedi-Lite sensor during use with these two respirator hoses differed a maximum of 0.56% during inspiration and 0.88% during expiration. All detailed differences, stratified by ventilator hose are displayed in Supporting Information Table S2 .
Discussion
This study investigated the accuracy of near-patient vs. anaesthesia ventilator-inbuilt spirometry for monitoring V T with the GE Aisys CS 2 respirator, using two different brands of breathing system tubing in six paediatric lung models.
The main finding was that near-patient spirometry was significantly more accurate, and had the lowest variability when compared with inbuilt spirometry. This was most significant in the newborn patient model and decreased with increasing age. Results were similar for both ventilator tubing brands used.
In our opinion, the clinical implications of our findings are of great importance. Application of optimal V T is key to preventing ventilator-induced lung injury. Respiratory therapists, nurses and physicians should rely on precise spirometry with high accuracy and low variability. High variability in V T complicates application of constant V T . These alterations in V T may be associated with hyper-or hypoventilation and volutrauma, particularly in infants [24, 25] .
There are some disadvantages of near-patient spirometry. First, the pedi-Lite sensor increases dead space by 2.5 ml, which must be considered in clinical applications. Second, the additional weight of the sensor may lead to tube kinking, resulting in ventilation problems. Third, extra tubing and sensors might be connected incorrectly. However, these drawbacks can be easily detected and solved by trained specialists. Finally, there are two different flow sensor sizes (pedi-Lite and D-Lite) for different V T ranges (5-300 ml and 150-2000 ml). This needs to be considered when using near-patient spirometry for the next patient, whereas changing the sensor is not necessary with respirator-inbuilt spirometry.
The results of the present study are in agreement with findings from similar studies. A study recently published by Abouzeid et al. [13] showed that the expiratory V T measured by an inbuilt ventilator sensor was greater compared with measurements from a respiratory function monitor using a flow sensor integrated at the airway opening. They, therefore, suggested measuring V T at the airway opening [13] . Unfortunately, they did not investigate the exact V T applied to the patient. As a result, they only reported the difference between the two methods, but not which one was superior. In addition, two different monitoring devices were used to measure V T , even though this does not reflect common clinical practice. Another study [26] demonstrated that V T is overestimated when measured at the expiratory valve of a traditional anaesthesia ventilator using the inbuilt flow sensor. The authors concluded that a flow sensor connected to the tracheal tube would achieve greater accuracy. Furthermore, Glenski et al. [12] showed a discrepancy of 83% between V T displayed by an anaesthesia machine monitor compared with V T measured via an infant test lung. The reason for this discrepancy was the execution timing of the anaesthesia ventilator's automatic self-test before and after expansion of the paediatric breathing system, which influenced compliance and accuracy of calculated V T . In our study, the self-test was performed after changing from the co-axial to the Limb-O TM breathing circuit, so the compliance of each system was considered for measurement of the V T . Although there was a statistically significant difference between the two respirator hoses (co-axial breathing circuit), the calculated maximum difference of 0.56% during inspiration and of 0.88% during expiration has little clinical relevance. We, therefore, conclude that type of ventilator tubing has little or no impact on the accuracy of V T measurement in this study.
Precise measurement of V T is desirable during both expiration and inspiration, to monitor ventilation and prevent ventilator-induced lung injury. The accuracy of AE 6% for near-patient spirometry stated by the manufacturer is confirmed by the findings of this study. Also, the data for respirator-inbuilt spirometry (V T over 210 ml = bias (precision) 19 ml (< 9%), V T 60-210 ml = 18 ml (9-30%) and V T < 60 ml = under 10 ml (< 16.5%)) are verified by this study.
There are some limitations of our study that must be considered. It was performed in-vitro, so the influence of change in temperature and the impact of gas humidity on both near-patient and inbuilt spirometry, as well as alterations of gas concentrations (O 2 and CO 2 ) in the delivered gas were not considered. Furthermore, in contrast to clinical practice, the I:E ratio and respiratory rate were not modified in this study. The strengths of this study are the in-vitro settings with precise crossover measurements of applied V T by the ASL 5000, repetition of a standardised process with stable conditions and a sealed airway without leak. The results of our study reflect the performance of the GE Aisys CS 2 , and may not be reproducible with other ventilators.
In conclusion, our study demonstrated that nearpatient spirometry is more accurate and displays less variability than inbuilt spirometry for the GE anaesthesia ventilator Aisys CS 2 , the impact is greatest in the smallest patients. Therefore, when using the GE Aisys CS 2 in paediatric anaesthesia, we recommend the use of near-patient spirometry, particularly with neonates.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 . Accuracy of the three sensors and both hoses (data combined) for the six lung models (see Table 1 ). Table S2 . Accuracy of the three sensors for each respirator hose in the six lung models (see Table 1 ).
